Hepatic glucokinase (GK) is acutely regulated by binding to its nuclear-anchored regulatory protein (GKRP). Although GK release by GKRP is tightly coupled to the rate of glycogen synthesis, the nature of this association is obscure. To gain insight into this coupling mechanism under physiological stimulating conditions in primary rat hepatocytes, we analyzed the subcellular distribution of GK and GKRP with immunofluorescence, and glycogen deposition with glycogen cytochemical fluorescence, using confocal microscopy and quantitative image analysis. Following stimulation, a fraction of the GK signal translocated from the nucleus to the cytoplasm. The reduction in the nuclear to cytoplasmic ratio of GK, an index of nuclear export, correlated with a >50% increase in glycogen cytochemical fluorescence over a 60min stimulation period. Furthermore, glycogen accumulation was initially deposited in a peripheral pattern in hepatocytes similar to that of GK. These data suggest that a compartmentalization exists of both active GK and the initial sites of glycogen deposition at the hepatocyte surface.
INTRODUCTION
Glucokinase (GK) plays a critical role in glucose homeostasis by catalyzing the phosphorylation of glucose in both hepatocytes and pancreatic ]3 cells. The short-term regulation of hepatic GK is governed by dynamic and reversible interactions with the GK regulatory protein (GKRP), a nuclear protein. [11 The association/dissociation of GK with GKRP is determined by the exposure to certain hexose phosphates and other substrates such that GKRP functions as a metabolic sensor (see review by [21) . Under basal glucose conditions, GK is predominantly bound to GKRP TM within the hepatocyte nucleus, [4] where it resides in an inactive state until it is released and translocates to the cytoplasm. [21 Dietary intake influences the subcellular translocation of GK as well as the expression of both GK and GKRP mRNAs. [5'6'71 Impaired GK translocation, such as that observed in animal models of type 2 diabetes, [8] may contribute to altered hepatic glucose metabolism. There are recent reports that the interplay between hepatic GK and GKRP impacts the acute regulation of glycogen synthesis. [9, 1] It has also *Address for correspondence: C-349 Given Building, Department of Medicine, Division of Endocrinology, University of Vermont, Burlington, VT 05405. Tel.: 802-656-2616, Fax: 802-656-8031, e-mail: tjetton@zoo.uvm.edu been observed that both GK Illl and GKRP-deficient I121 mice exhibit impaired glycogen production. Furthermore, a recent study by de la Iglesia et al. [13] demonstrated a very high control coefficient of the GK-GKRP protein ratio on glycogen synthesis. However, there are few details on the subcellular compartmentalization of GK and GKRP trader conditions that favor glycogen deposition. Nonetheless, glycogen synthase, the ratedetermining enzyme in glycogen synthesis I41 has been found to undergo a glucose-stimulated translocation to the hepatocyte surface coincident with peripheral glycogen deposition. IxSl Despite the well-accepted view that GK shuttles from the nucleus upon substrate stimulation, there are disagreements as to the subcellular disposition of GKRP under these conditions. For example, previous reports have suggested that both GK and GKRP translocate from the nucleus to. the cytoplasm upon stimulation with supraphysiological glucose concentrations, I'161 but other studies using cell-free systems I31 and cultured primary hepatocytes [4] inclicate that GKRP remains associated with the nuclear matrix after GK is released. Notwithstanding, we have recently shown that GKRP may not only function in the nuclear sequestration of GK, but may also control nuclear entry of GK. [ (Fig. 2) . Most hepatocytes exhibited a reduction in nuclear GK fluorescence with a corresponding increase in cytoplasmic signal, especially towards the cell surface opposing contacted cells ( Fig. 2A ). There were no substantial qualitative differences in the GK distribution patterns between hepatocytes subjected to the various substrate conditions, although differences in the magnitude of nuclear depletion were observed (see below). GKRP immunoreactivity remained confined to the nucleus under all stimulating conditions (Fig. 2B ), in agreement with prior studies. [4, 12] Confocal fluorescence imaging of PAS reactivity in 30min substrate-stimulated hepatocytes indicated that glycogen was initially deposited at the cell periphery (Fig. 2C) . In hepatocytes stimulated for 60min, glycogen, accumulation was maintained at the cell periphery but was also observed throughout the cytoplasm (Fig. 2D) . (Fig. 3A) . Hepatocytes incubated under basal glucose conditions exhibited a mean ratio for GK of 3.75 0.12 (Fig. 3A) Semi-quantitative analysis of glycogen accumulation, as determined by changes in mean cytoplasmic intensity, revealed maximal glycogen deposition in hepatocytes exposed to 10mmol/1 glucose alone (Fig. 3B) . At 30min, hepatocytes subjected to high glucose exhibited a 45% increase in PAS fluorescence over control hepatocytes. Interestingly, hepatocytes incubated in the presence of fructose with either basal or high glucose demonstrated no significant increase in PAS-generated fluorescent signal in this short timeframe (Fig. 3B) . However, in hepatocytes stimulated for 60min, there was significantly more PAS-reactive glycogen accumulated than was present at the 30 minute incubation (Fig. 3B) . When compared to the basal glucose controls, 10mmol/1 glucose-cultured hepatocytes exhibited a 65% increase in fluorescence intensity while the fructose-treated cells supplemented with either basal or 10mmol/1 glucose showed an approximately 50% increase in PASreactivity. Thus it appears that in rat hepatocytes subjected to 10mmol/1 glucose alone there is significant stimulation of GK translocation within 30min (Fig. 3A) , and they are conducive to maximal glycogen deposition within both 30 and 60min incubation periods (Fig. 3B ).
Subcellular Distribution of GK and Glycogen upon Substrate Stimulation
The distribution of GK and glycogen in basal and stimulated primary hepatocytes were determined by scanning in the "z" (depth) dimension using confocal microscopy and densitometry. In hepatocytes cultured in basal glucose for 30min, XZzplane confocal imaging and densitometric scanning confirm that the predominant GK immunofluorescenc signal emanates from the nuclei, and not from a perinuclear site (Fig. 4A) [12, 29] We have found that within hepatocytes subjected to substrate conditions mimicking portal blood in the post-absorptive state, GK immunoreactivity is situated at a peripheral site near the plasma membrane. However, we found that GK immunoreactivity is never localized on the surface in a pattern superimposable with GLUT2 immunoreactivity.
[331 Glycogenic PAS-reactivity accumulates in glucose/fructose-stimulated hepatocytes in a pattern resembling that of cell surface-oriented GK, with the greatest signal initially occurring near the plasma membrane. Since this peripheral deposition of glycogen is also observed in the intact liver during substrate perfusion following a 24 fast, it is unlikely to be a cell culture artifact. As both GK [34] and glycogen synthase [151 have been previously localized to the actin-rich periphery of hepatocytes, the cortical cytoskeleton may provide a scaffold for these proteins for both the efficient channeling of glucose 6-phosphate between these enzymes in glycogenesis.
In contrast to its actions in the cytoplasm, it is not known whether GK plays any functional role in the nucleus. Although it remains to be proven, the available evidence indicates that GK, when bound to GKRP, is catalytically inactive. Toyoda et al., surmise that the removal of GK from the cytoplasmic compartment may reduce the futile substrate cycle between glucose and G6P. [26, 27] Brown eta/. [4] have suggested that the binding of GK to GKRP in the nucleus may protect the enzyme from proteolysis and subsequent studies in GKRP knockout mice strongly imply that this is the case. [12'29] 
